In addition to serving as a biomarker of oxidative/nitrative stress, elevated levels of nitrotyrosine have been shown to cause DNA damage or trigger apoptosis. Whether the body is equipped with mechanisms for protecting against the potentially harmful nitrotyrosine remains unknown. The present study was designed to investigate the possibility that sulfation serves as a pathway for the metabolism/regulation of nitrotyrosine. 3 H]nitrotyrosine increased dramatically in the medium over time, implying that sulfation may play a significant role in the metabolism of free nitrotyrosine.
INTRODUCTION
Nitration of tyrosine, in both protein-bound form and free amino acid form, can readily occur during oxidative/nitrative stress under which oxides of nitrogen, e.g. NO (nitrogen monoxide or nitric oxide) and NO 2 (nitrogen dioxide), ONOO − (peroxynitrite) and NO 2 Cl (nitrylchloride), are formed and react as nitrating agents [1] . Peroxynitrite-mediated nitrotyrosine formation has been detected in a wide range of pathophysiological states including atherosclerosis [2, 3] , stroke [4] , pulmonary injury and other lung diseases [5] , and chronic hepatitis [6, 7] . It has been reported that tyrosine nitration of proteins may prevent or stimulate the subsequent phosphorylation of the tyrosine residue and change the rate of their proteolytic degradation, possibly leading to disease initiation and progression [1, [8] [9] [10] . It has been suggested that tyrosine-nitrated proteins may be degraded by proteasome, resulting in the release of free nitrotyrosine [11] . Studies have shown that free nitrotyrosine can induce oxidative DNA damage [12] or trigger apoptosis in cultured cells [13, 14] . Using the mouse as a model, it was demonstrated that free nitrotyrosine could elicit neurotoxic effects, leading to striatal neurodegeneration in vivo [15] . Whether the body is equipped with mechanisms for protecting against the potentially harmful effects of nitrotyrosine, however, remains unknown.
In mammals, sulfate conjugation as catalysed by the cytosolic SULTs (sulfotransferases), has been shown to be involved in the biotransformation/excretion of xenobiotics as well as endogenous compounds such as steroid and thyroid hormones, catecholamines, cholesterol and bile acids [16] [17] [18] . The cytosolic SULTs catalyse the transfer of a sulfonate group from the active sulfate, PAPS (adenosine 3 -phosphate 5 -phosphosulfate), to an acceptor substrate compound containing either hydroxy or amino groups [19] . Sulfate conjugation by SULT enzymes may lead to the inactivation of these compounds and/or increase their water-solubility, thereby facilitating their removal from the body [16] [17] [18] . Our previous studies demonstrated that the human SULT1A3 [previously called the monoamine (M)-form phenol sulfotransferase or catecholamine-preferring phenol sulfotransferase] may sulfonate not only dopamine and other monoamines, but also dopa and tyrosine isomers [20] [21] [22] [23] . In view of its structural similarity to tyrosine, we speculated that nitrotyrosine generated under oxidative/nitrative stress conditions may also undergo sulfation.
In the present paper, we report the discovery of the sulfation of nitrotyrosine using HepG2 human hepatoma cells as a model. A systematic study using all 11 known human cytosolic SULTs was carried out and revealed SULT1A3 to be the only enzyme that was capable of sulfating nitrotyrosine. The pH-dependence and the kinetics of the sulfation of nitrotyrosine by SULT1A3 were also elucidated. Moreover, it was demonstrated that sulfated nitrotyrosine was generated and released by HepG2 cells in response to treatment with SIN-1 (morpholinosydnonimine), a peroxynitrite generator.
EXPERIMENTAL Materials
L-p-tyrosine, DL-m-tyrosine, 3-nitro-L-tyrosine, L-dopa, dopamine, aprotinin, thrombin, ATP, PAPS, SDS, sodium succinate, Abbreviations used: Caps, 3-(cyclohexylamino)propane-1-sulfonic acid; Ches, 2-(N-cyclohexylamino)ethanesulfonic acid; DTT, dithiothreitol; MEM, minimal essential medium; M-form, monoamine form; NMWL, nominal molecular-mass limit; PAPS, adenosine 3 -phosphate 5 -phosphosulfate; SIN-1, 3-morpholinosydnonimine; SULT, sulfotransferase; TLE, thin-layer electrophoresis. 1 To whom correspondence should be addressed (email ming.liu@uthct.edu). 
Preparation of purified human cytosolic SULTs
Recombinant human simple phenol (P)-form (SULT1A1 and SULT1A2) and M-form (SULT1A3) phenol SULTs, thyroid hormone SULT (SULT1B2), two SULT1Cs (designated #1 and #2), oestrogen SULT (SULT1E1), DHEA (dehydroepiandrosterone) SULT (SULT2A1), two SULT2B1s (designated a and b), and a neuronal SULT (SULT4A1), expressed using a pGEX-2TK or pET23c prokaryotic expression system, were prepared as described previously [24] [25] [26] [27] [28] .
Enzymatic assay
The sulfating activity of the recombinant human cytosolic SULTs was assayed using PAP [ 35 S] as the sulfonate group donor. The standard assay mixture, in a final volume of 25 µl, contained 50 mM Mops buffer at pH 7.0, 1 mM DTT and 14 µM PAP[ 35 S]. Stock solutions of the substrates, prepared in water or alkaline (pH 13) water, were used in the enzymatic assay. The substrate, at 10 times the final concentration was diluted to 50 µM in the assay mixture, was added after Mops buffer and PAP[ 35 S] . A control with water alone was also prepared. The reaction was started by the addition of the enzyme (1.25 µg), allowed to proceed for 3 min at 37
• C, and stopped by placing the thin-walled tube containing the assay mixture on a heating block, pre-heated to 100
• C, for 2 min. The precipitates were cleared by centrifugation at 13 000 g for 1 min, and the supernatant was subjected to analysis of [ 35 S]sulfated product using the previously established TLE (thin-layer electrophoresis) procedure [29] , with 7.8 % ethanoic (acetic) acid/2.5 % methanoic (formic) acid (pH 1.9) as the electrophoresis buffer. For two-dimensional thin-layer analysis, the TLE described above was followed in the second dimension by TLC using n-butanol/propan-2-ol/88 % methanoic acid/water (2:1:1:2, by vol.) as the solvent system [29] . To examine the pH-dependence of the sulfation of nitrotyrosine or dopamine, different buffers (50 mM succinate at pH 3.5, 4.0 or 4.5; sodium acetate at pH 4.5, 5.0 or 5.5; Mes at pH 5.5, 6.0 or 6.5; Mops at pH 6.5, 7.0 or 7.5; Hepes at pH 7.0, 7.5 or 8.0; Taps at pH 7.5, 8.0, 8.5 or 9.0; Ches at pH 9.0, 9.5 or 10.0; and Caps at pH 10.0, 10.5, 11.0 or 11.5), instead of 50 mM Mops (pH 7.0), were used in the reactions with 100 µM nitrotyrosine or 5 µM dopamine as the substrate. For the kinetic studies on the sulfation of nitrotyrosine, dopamine and L-p-tyrosine, various concentrations of these substrate compounds and 50 mM Mops buffer at pH 7.0 were used. To examine the inhibitory effects of L-p-tyrosine on the sulfation of nitrotyrosine or vice versa, the kinetic studies on the sulfation of nitrotyrosine (or L-p-tyrosine) were performed in the presence of fixed concentrations of L-p-tyrosine (or nitrotyrosine). To study the effects of pH on the kinetics of the sulfation of nitrotyrosine and dopamine, the kinetic studies were performed using different buffer systems at different pH values.
Each experiment was performed in triplicate, together with a control without enzyme. The results obtained were calculated and expressed in nmol of sulfated product formed/min per mg of purified enzyme.
Metabolic labelling of HepG2 human hepatoma cells with [ 35 S]sulfate
HepG2 cells were routinely maintained, under a 5 % CO 2 atmosphere at 37
• C, in MEM (minimum essential medium) supplemented with 10 % (v/v) foetal bovine serum, 30 µg/ml penicillin G and 50 µg/ml streptomycin sulfate. Confluent HepG2 cells grown in individual wells of a 24-well culture plate, preincubated in sulfate-free (prepared by omitting streptomycin sulfate and replacing magnesium sulfate with MgCl 2 ) MEM for 4 h, were labelled with 0.25 ml aliquots of the same medium containing [
35 S]sulfate (0.3 mCi/ml) and different concentrations of nitrotyrosine (ranging from 5 to 50 µM) or SIN-1 (ranging from 0.5 to 2.5 mM). At the end of an 18 h labelling period, the media were collected, spin-filtered and subjected to the TLE or twodimensional thin-layer analysis for nitrotyrosine O-[
35 S]sulfate based on the procedures described above.
Metabolic labelling of HepG2 cells with [ 3 H]tyrosine in the presence of SIN-1
Confluent HepG2 cells grown in individual wells of a 24-well culture plate and pre-incubated in tyrosine-and phenylalaninedeficient MEM for 4 h were labelled with 0.25 ml aliquots of a low-tyrosine (0.5 % of normal) and low-phenylalanine (5 % of normal) MEM containing 0.1 mCi/ml [ 3 H]tyrosine plus 2.5 mM SIN-1. Upon incubation for 1, 3 or 18 h, the media were collected and the cells were lysed in 0.25 ml aliquots of a RIPA buffer (containing 50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 % Triton X-100, 1 % sodium cholate and 1 % protease inhibitor cocktail). The media and cell lysates collected were spin-filtered using Ultrafree-MC 5000 NMWL filter units. Aliquots of the filtrates were individually mixed with 1 µl of a carrier nitrotyrosine (1.25 mg/ml) solution or 1 µl of a carrier nitrotyrosine O-sulfate (0.6 mg/ml) solution, spotted on to cellulose TLC plates and analysed for [ 3 H]nitrotyrosine and [ 3 H]nitrotyrosine O-sulfate based on the TLE procedure described above. Upon completion of the electrophoresis, the plates were air-dried and sprayed with a ninhydrin solution (0.5 % in acetone). The ninhydrin-stained spots of nitrotyrosine and nitrotyrosine O-sulfate were excised and the 3 H radioactivity therein was determined using a scintillation counter.
Miscellaneous methods

PAP[
35 S] was synthesized from ATP and carrier-free [ 35 S]sulfate using the bifunctional human ATP sulfurylase/adenosine 5 -phosphosulfate kinase, and its purity was determined as previously described [30] . The PAP[
35 S] synthesized was adjusted to the required concentration and a specific activity of 15 Ci/mmol at 1.4 mM by the addition of unlabelled PAPS. SDS/PAGE was performed on 12 % polyacrylamide gels using the method of Laemmli [31] . Protein determination was based on the method of Bradford with BSA as the standard [32] . Tyrosine O-sulfate standard was synthesized based on the procedure developed by Jevons [33] . Nitrotyrosine O-sulfate standard was synthesized enzymatically using non-radioactive PAPS as the sulfonate donor under the conditions described in the enzymatic assay section. 
RESULTS AND DISCUSSION
The objective of the present study was to investigate the involvement of sulfate conjugation in the metabolism of nitrotyrosine using HepG2 human hepatoma cells as a model. We also sought to identify and characterize the cytosolic SULT enzyme(s) responsible for nitrotyrosine sulfation. 
Identification of the human cytosolic SULT(s) responsible for the sulfation of nitrotyrosine
We have previously cloned, expressed and purified all 11 known human cytosolic SULTs: SULT1A1, SULT1A2, SULT1A3, SULT1B2, SULT1C#1, SULT1C#2, SULT1E1, SULT2A1, SULT2B1a, SULT2B1b and SULT4A1 [24] [25] [26] [27] [28] . These purified recombinant human cytosolic SULTs were examined for sulfating activities towards nitrotyrosine and other tyrosine isomers/derivatives. Seven (SULT1A2, SULT1B2, SULT1C#1, SULT2A1, SULT2B1a, SULT2B1b and SULT4A1) of the 11 SULTs exhibited no detectable activities towards any of the compounds that we tested as substrates. Three other SULTs (SULT1A1, SULT1C#2 and SULT1E1) displayed weak sulfating activities towards dopamine, but not to other tyrosine isomers/derivatives. Interestingly, only SULT1A3 exhibited significant sulfating activity toward nitrotyrosine ( Table 1 ). The autoradiograph taken from the TLC plate used for the two-dimensional thin-layer analysis of the assay mixture of SULT1A3 clearly revealed a radioactive spot corresponding to nitrotyrosine O- [ 35 S]sulfate generated during the enzymatic reaction (results not shown). These results therefore indicate that SULT1A3 may have a broader involvement in mammalian physiology, being involved in the homoeostasis of not only dopamine and other catecholamines, but also unmodified tyrosine, Dopa and, as demonstrated in the present study, nitrotyrosine.
Characterization of the nitrotyrosine-sulfating activity of human SULT1A3
Since a primary role for SULT1A3 in the homoeostasis of dopamine has been suggested [34] , we were interested in investigating the sulfating activity of SULT1A3 towards nitrotyrosine in comparison with its activity towards dopamine. To determine the pHdependence of the sulfation of nitrotyrosine or dopamine by SULT1A3, enzymatic assays were performed under standard conditions described in the Experimental section using buffers at different pH values. As shown in Figure 2 , a distinct pH optimum of 7.0 was detected with nitrotyrosine as substrate, whereas a broad pH optimum spanning 6.5-10.5 was observed with dopamine as substrate. Whether these different pH-dependence profiles were due to distinct charge properties between dopamine and nitrotyrosine remain to be clarified. The kinetic parameters of SULT1A3 in catalysing the sulfation of nitrotyrosine and dopamine were subsequently determined. The enzymatic assays were performed at pH 7.0 with various concentrations of these The enzymatic assays were carried out under standard assay conditions as described in the Experimental section, using different buffer systems. Results are means + − S.D. for three experiments. two compounds as substrates. Data obtained were processed using the Excel program to generate the best-fitting trendlines for the Lineweaver-Burk double-reciprocal plots. Table 2 shows the kinetic constants determined for the sulfation of nitrotyrosine and dopamine. It is interesting to note the much higher K m and lower V max (130.5 µM and 4.2 nmol/min per mg of protein respectively) determined with nitrotyrosine as substrate in comparison with dopamine as substrate (6.5 µM and 52.7 nmol/min per mg of protein respectively). The catalytic efficiency of SULT1A3, as reflected by the V max /K m , therefore appeared to be approx. 250-fold lower with nitrotyrosine as substrate than with dopamine. As mentioned above, SULT1A3 is thought to play a role in the homoeostasis of dopamine and other monoamines [34] . The level of dopamine in vivo is normally within the submicromolar to micromolar concentration range [35] . It is therefore conceivable that a lower K m would be required in order for SULT1A3 to rid excess dopamine and other monoamines through sulfation. In view of their differential charge properties, an important question relates to the effects of pH on the kinetics of the sulfation of nitrotyrosine and dopamine. Kinetic constants were therefore determined at different pH values. Based on the pH-dependence profiles of the sulfation of nitrotyrosine and dopamine (Figure 2 ), pH 5.5, 7.0 and 9.0 were chosen for studying the sulfation of nitrotyrosine, and pH 7.0, 9.0 and 11.0 were chosen for studying the sulfation of dopamine. The results obtained are shown in Table 3 . For the sulfation of nitrotyrosine, the K m values showed only small variations at the three pH values tested, whereas the V max value was much higher at pH 7.0 than at pH 5.5 or 9.0. The catalytic efficiency of SULT1A3, as reflected by the V max /K m , therefore appeared to be much higher at pH 7.0 than at pH 5.5 or 9.0. For the sulfation of dopamine, while the V max value was considerably lower at pH 7.0, the K m value was 5-6-fold lower at pH 7.0 than at pH 9.0 or 11.0. Based on these data, SULT1A3 appeared to be catalytically active for the sulfation of dopamine at all three pH values tested. Another issue is whether L-p-tyrosine may act as an inhibitor for the sulfation of nitrotyrosine. To address this question, kinetic constants of SULT1A3 for the sulfation of nitrotyrosine were determined in the presence of L-p-tyrosine. As shown in Table 2 , addition of high concentrations of L-ptyrosine to the reaction mixtures did not affect significantly either the K m or the V max value. These results are consistent with the high K m value (1.95 mM) of SULT1A3 for L-p-tyrosine as determined in our previous study [20] . At the concentration normally present in culture medium (200 µM) or in circulation in mammals (< 0.1 mM) [36] , L-p-tyrosine would not be expected to exert significant inhibitory effects on the sulfation of nitrotyrosine. The effect of nitrotyrosine on the sulfation of L-p-tyrosine by SULT1A3 was also examined. As revealed in the LineweaverBurk double-reciprocal plots shown in Figure 3 , the sulfation of L-p-tyrosine was clearly inhibited in the presence of nitrotyrosine. It was noted that the lines corresponding the sulfation of L-ptyrosine in the presence of various concentrations of nitrotyrosine appeared to converge within a narrow region on the y-axis. These data are therefore indicative of a competitive-type of inhibition of the sulfation of L-p-tyrosine by nitrotyrosine. [37] [38] [39] . The assumption underlying this study was that, if sufficient amounts of nitrotyrosine were produced upon stimulation by SIN-1, sulfation as catalysed by SULT1A3 (which is known to be expressed in HepG2 cells) may be operative to convert excess nitrotyrosine into its sulfated form. As shown in Figure 4 To gain insight into the physiological relevance of the sulfation of nitrotyrosine, a time-course study was performed using [ 3 H]tyrosine-labelled HepG2 cells treated with SIN-1. As shown in Table 4 , the bulk (90.4-94.8 %) of the [ 3 H]nitrotyrosine generated upon SIN-1 treatment was present in an unconjugated form inside the HepG2 cells at all three time points studied. In the medium, however, the proportion of the sulfate-conjugated [ 3 H]nitrotyrosine increased (from 23.2 % to 59.2 %) over time during the period that we monitored. These results indicate that, while the occurrence of other conjugation reactions, e.g. glucuronidation, may still be operational, sulfation may indeed play a significant role in the metabolism of free nitrotyrosine generated under nitrative stress. The question, nevertheless, remains as to the mechanism underlying the generation of nitrotyrosine O-sulfate in vivo. Possible reactions/pathways that may lead to the generation of free nitrotyrosine O-sulfate include (i) the sulfation of free nitrotyrosine formed de novo under nitrative stress, (ii) the sulfation of free nitrotyrosine released upon degradation of tyrosine-nitrated proteins, (iii) the sulfation of tyrosine-nitrated proteins followed by their degradation to release free nitrotyrosine O-sulfate, and (iv) the nitration of free tyrosine O-sulfate, a normal metabolite shown previously to be derived from either the sulfation of excess tyrosine or the degradation of tyrosine-sulfated proteins [22] . Work that extends the present study is warranted in order to elucidate the relative contributions of these various reactions/pathways.
In summary, the present study clearly demonstrates the occurrence of the sulfation of nitrotyrosine in HepG2 cells and confirms that the responsible enzyme is the human SULT1A3. The fact that nitrotyrosine can be sulfated implies a role of sulfation in the metabolism, regulation and/or removal of nitrotyrosine generated in vivo under nitrative stress. More work is warranted in order to fully elucidate the physiological relevance of nitrotyrosine sulfation. From a different perspective, elevated levels of nitrotyrosine have in recent years been proposed as a predictor of disease risk and burden or as a potential biomarker for atherosclerosis [2, 3] , stroke [4] , pulmonary fibrosis and other lung diseases [5] , and chronic hepatitis [6, 7] . Our findings demonstrating the sulfation of nitrotyrosine suggest that sulfated and other potential conjugated form(s) of nitrotyrosine may need to be considered in order to fully appreciate the compound as a biomarker for diseases.
